Abstract The production of gaseous nitrogen compounds, particularly the greenhouse gas nitrous oxide, was investigated in a novel process for ammonium removal from wastewater. The process is based on the adsorption of ammonium on zeolite followed by bioregeneration. The zeolite serves the dual purpose of an ion exchanger and a physical carrier for nitrifying bacteria which bio-regenerate the ammonium saturated mineral. An analysis of the nitrifying population composition in the reactor fed with simulated secondary effluent (NH 4 + = 50 mg/l) revealed that about half of the bacteria in the biofilm were common ammonium oxidizers Nitrosococcus mobilis and Nitrosomonas, while the other half were nitrite oxidizers. The amount of nitrogen losses, under different conditions, and the identification of the emitted gases (N 2 or N 2 O) were investigated in two sets of experiments: (I) batch experiments using biomass originating from the ion exchange reactor with and without the addition of nitrite, and (II) continuous experiments using the ion exchange reactor with zeolite as the biomass carrier. In the batch experiments, nitrite and oxygen concentrations were determined as the major parameters responsible for the formation of gaseous nitrogen gas during ammonia oxidation by autotrophic bacteria. Continuous experiments showed that the major parameter significantly affecting nitrogen losses was the amount of ammonium adsorbed by the zeolite during the ion exchange phase. The amount of ammonium adsorbed determines the ammonium concentration during the initial period of bioregeneration, which in turn directly influences oxygen demand and the resulting concentrations of oxygen and nitrite. It was concluded that the formation of nitrogen gas compounds in the ion exchange/bioregeneration process can be eliminated by adjusting the operational regime to have a shorter adsorption phase resulting in smaller amounts of ammonium adsorbed per cycle.
Introduction
The formation of nitrous oxide and dinitrogen gas by nitrifying bacteria is a widely reported phenomenon. It is mainly attributed to well known chemotrophic ammonia oxidizers particularly under low oxygen concentrations and especially at high nitrite concentrations. Under these conditions, nitrite acts as the electron acceptor and hydroxylamine, an intermediate in the ammonia oxidation reaction, is utilized as the electron donor producing nitrous oxide (Goreau et al., 1980; Poth, 1986; Gejlsbjerg et al., 1998) . Ammonia and molecular hydrogen have also been identified as possible electron donors for nitrite reduction to N 2 O (de Bruijn et al., 1995) . This paper reports on the production of gaseous nitrogen compounds, particularly nitrous oxide which is a greenhouse gas, in a novel biological ion exchange process for ammonium removal from wastewater Green, 1998, 2000) .
Process description
The process is based on an ion exchange reactor where zeolite serves the dual purpose of an ion exchanger removing ammonium from wastewater and a physical carrier for nitrifying bacteria which bio-regenerate the ammonium saturated mineral. By removing ammonium from wastewater, more efficient and flexible wastewater treatment schemes can be facilitated. The process has the advantages of the ion exchange process (high reaction rate, good control of effluent quality, no sensitivity to fluctuations in NH 4 + influent concentrations), while overcoming its main drawback of costly chemical regeneration by employing biological regeneration of the ion exchange resin. The entire process is carried out in a single, compact reactor and takes place in two phases (see Figure 1 ): Ion exchange mode (separation phase): A column filled with zeolite (chabazite) is used to adsorb ammonium ion from continuously fed secondary or primary effluents. When ammonium breakthrough occurs (or after a programmed period of time) the system switches to the bioregeneration mode. Bioregeneration mode (nitrification phase): The same column containing the ammonium rich chabazite is used as a fluidized bed reactor for nitrification with the chabazite acting as the carrier for the biofilm. The biological conversion of ammonium cations to nitrate anions and the recirculation of the cation rich regenerant solution allows for further ammonium desorbtion and the complete regeneration of the zeolite. The amount of the ammonium desorbed and its concentration in the regenerant solution during biological regeneration is a function of the ammonium adsorbed, the total cation concentration in the solution and the recirculating solution volume. The oxidation of the desorbed ammonium to nitrate anions allows for the reuse of the regenerant during many cycles of nitrification. The reactor operates in an almost batch mode (no outflow and minimal inflow) and air or oxygen is supplied for the nitrification process together with sodium bicarbonate to maintain constant pH. The addition of external cations is limited only to the amount of sodium bicarbonate buffer added. The nitrate rich product water is considered a product rather than a pollutant and therefore denitrification is not necessary. Previous results from experiments with simulated, secondary, and primary effluents showed that the process is capable of high rate ammonium removal and stable performance. A detailed description of the process and the results are given elsewhere Green, 1998, 2000) .
Due to the batch operation of the bioregeneration phase, the process in its initial stages is characterized by low oxygen concentrations and high nitrite concentrations. As already mentioned, these conditions are known to encourage gaseous nitrogen compounds formation during nitrification. In addition, switching from anaerobic (ion exchange phase) to aerobic conditions (bioregeneration phase) may further enhance gaseous nitrogen compounds formation.
Materials and methods

Batch experiments
Aerobic and oxygen limiting batch experiments were carried out in 125 ml Erlenmeyer flasks filled with 50 ml of medium and closed with parafilm. Conditions close to anaerobic were carried out in completely filled 70 ml Erlenmeyer flasks closed with parafilm. A rotary shaker, set at 200 rpm, was used for the aerobic batch, while oxygen limiting and anaerobic conditions were carried out without mixing. The batch experiments were conducted with and without the addition of nitrite (~40 mg/l as N). The biomass used originated from the ion exchange reactor.
Continuous experiments
Continuous experiments were carried out in a 9 litre ion exchange reactor made from 90 mm diameter transparent PVC pipe. The reactor was filled with 2 kg of natural zeolite (Herschelik-Sodium Chabazite, CABSORB-ZS500H, GSA Resources, Arizona, USA) with an average particle size of 1.56 mm and an ion exchange capacity of 2.5 meq/g. In the adsorption phase, a peristaltic pump was used for feeding simulated secondary effluent (50 mg/l as N) at a flow rate of 0.75 l/min. In the bioregeneration mode, the reactor was operated as a fluidized bed by using a centrifugal recirculation pump at a flow rate of 4.75 l/min. The bed expansion and upflow velocity was 50% and 45 m/hr, respectively. A constant pH of 7.2 was maintained using a pH controller connected to a diaphragm pump dosing concentrated sodium bicarbonate. Compressed air was supplied through diffusers at a rate of between 0.1 to 5 l/min.
Nitrate and nitrite were measured using a Methrom ion chromatograph (761). Ammonium was determined by the phenate method (Standard Methods, 1995) . Dissolved nitrous oxide and dinitrogen gases were analyzed using a HP 6890 GC-MS equipped with a 0.32 mm diameter Supel-Q PLOT capillary column (Supelco). Dissolved oxygen (DO) was measured using a YSI 52 oxygen meter. Batch and continuous experiments were carried out at a constant temperature of 30°C. The biomass concentration was calculated by measuring the protein content using a protein-dye binding method (Bradford, 1976) . The nitrifying biomass was characterized using DNA probes targeted for 16S rRNA (Vermicom AG). The heterotroph concentration was measured in the biofilm by first removing the bacteria from the zeolite by vortex, followed by incubation on R2A agar plate for 24 hours at 37°C (Standard Methods, 1995) .
Results and discussion
Quantification of nitrogen losses under different conditions and the identification of the emitted gases (N 2 or N 2 O) were investigated in two sets of experiments: batch experiments with biomass originating from the ion exchange reactor, and continuous experiments using the ion exchange reactor with zeolite as the carrier of the nitrifying biomass.
The nitrifying population
The nitrifying population composition in the reactor was analyzed using 16S rRNA targeted DNA probes. The analysis focused mainly on the ammonium oxidizers, which of the nitrifying bacteria are responsible for the formation of gaseous nitrogen compounds. It was revealed that about half of the bacteria in the biofilm were common ammonium oxidizers, while the other half were nitrite oxidizers. Nitrosococcus mobilis comprised 40-60% of the ammonium oxidizers, while 30-40% of the ammonia oxidizers were identified as Nitrosomonas europaea or Nitrosomonas eutropha. The concentration of heterotrophic bacteria was less than 10%.
The biomass concentration in the continuous experiments was about 2.5 mg protein/g zeolite. The initial biomass concentration in the batch experiments was about 600 mg protein/l. Under aerobic and oxygen limiting conditions, no significant change in the biomass concentration was detected during the entire experimental period (24 and 200 hrs). Under near anaerobic conditions, the biomass concentration decreased to about 300 mg protein/l after 200 hours.
Batch experiments
Gas emissions by the biomass were examined in batch experiments under three different aeration conditions: full aeration (DO = 4-5 mg/l), limiting oxygen concentration (DO = 0.8-1 mg/l), and conditions close to anaerobic (DO = 0.1-0.2 mg/l). Two sets of batch experiments were set up: one set without nitrite supplement, and the other one amended with nitrite up to 40 mg/l as N. N 2 and N 2 O concentrations were analyzed in all batches. The concentration of the total nitrogen gases emitted was determined on the basis of ionic nitrogen species balance (zero or negative growth was found in all the batch experiments, hence, no nitrogen assimilation) and not according to measured gaseous concentrations because of gas leakage in several experiments. Gaseous nitrogen formation is given as concentrations and also as the percentage of total nitrogen converted. In the experiments without nitrite supplement, the total nitrogen converted is equal to the ammonium removal concentration, while in the experiments with nitrite supplement the total converted is equal to ammonium plus nitrite removal.
A list of the batch experimental conditions with results is given in Table 1 . Figures 2 and  3 show the changes in concentration of the nitrogen ionic species and gaseous nitrogen production in the various batch experiments. Gaseous nitrogen formation without nitrite supplement varied between zero under aerobic conditions, 2.8% of total nitrogen converted at oxygen limiting conditions and 24% at close to anaerobic conditions. With nitrite supplement, gaseous nitrogen formation was significantly higher: 3.7% of total nitrogen converted at aerobic conditions, 18.4% at oxygen limiting conditions and 100% at close to anaerobic conditions. The main metabolic pathway was conventional nitrification to nitrate with ammonia as the electron donor and oxygen as the electron acceptor. However, the metabolic pathway of hydroxylamine as the electron donor and nitrite as the electron acceptor (Goreau et al., 1980; Poth and Focht, 1985; Wood, 1986) was also evidenced by the observed link between N 2 O production and the ammonia oxidation rate (Figures 2c, 2e, 3b, 3d, 3f ). When the ammonia oxidation rate slowed down, i.e. low formation rate of hydroxylamine, N 2 O production was minimal. N 2 O was also found to be the only gaseous nitrogen compound formed under aerobic and oxygen limiting conditions, probably due to oxygen inhibition of the N 2 O reduction to N 2 (Otte et al., 1996) . Under near anaerobic conditions where only a minimal amount of ammonium was oxidized (Figures 2d, 3e) , organic compounds originating from dead cells were probably used as the electron donor for classical denitrifying bacteria, as was seen by N 2 formation (Figures 2e, 3f ). Under these conditions most of the gaseous nitrogen formed was N 2 .
Continuous reactor experiments
The effect of reactor operational conditions during the bioregeneration phase on the production of nitrogen gaseous compounds was studied. Six sets of different operational regimes were compared with regard to the following: the initial amount of ammonium adsorbed (i.e. the length of adsorption phase), aeration rate, aerobic period duration and anaerobic period duration (which in some regimes was longer than the duration of adsorption phase in order to differentiate the effect of anaerobic conditions from that of the amount of ammonium adsorbed). Other parameters, such as the temperature, biomass concentration, recycled regenerant volume and concentration and the choice of counter cation, were kept constant throughout the experiments. At each set of conditions the reactor operated for several weeks (2-4). A typical concentration profile during one of the bioregeneration runs is given in Figure 4 .
Gaseous nitrogen compound formation was determined based on the ionic nitrogen species balance. Assimilation of nitrogen by cells was neglected since this phenomenon accounted for only about 1.4% of the total nitrogen consumed (based on yield coefficient of 0.1 g cells/g N oxidized). Average results for each set of operational conditions (6 sets, 3 experiments each) are given in Table 2 18% of total ammonium converted ( Figure 5 ). In contrast, for runs with low amounts of ammonium adsorbed (~1 gram NH 4 + -N), no nitrogen losses were found. In the range of conditions examined, no significant influence could be attributed to anaerobic period duration or reduced aeration rate. A multi-variant regression of the different operational conditions affecting nitrogen losses (initial ammonium adsorbed, aeration rate and aerobic and anaerobic periods duration) showed that the major parameter significantly affecting nitrogen losses was the amount of ammonium. The ammonium adsorbed determines the initial dissolved ammonium concentration during bioregeneration, which in turn directly influences oxygen demand and the resulting concentrations of oxygen, nitrite and hydroxylamine. As shown in the batch experiments, these are the major parameters responsible for the formation of gaseous nitrogen compounds.
Conclusions
The results of an investigation on the production of gaseous nitrogen compounds from a novel ion exchange/bioregeneration process for ammonium removal from wastewater showed that the major parameter significantly affecting nitrogen losses during ammonia oxidation by common autotrophic bacteria was the amount of ammonium adsorbed during the adsorption phase. The main metabolic pathway was conventional nitrification to nitrate with ammonia as the electron donor and oxygen as the electron acceptor. However, gaseous nitrogen compound formation did occur to some extent mainly due to the oxidation of hydroxylamine using nitrite as the electron acceptor.
The amount of ammonium adsorbed during the ion exchange phase determines the initial dissolved ammonium concentration during bioregeneration, which in turn directly influences oxygen demand and the resulting concentrations of oxygen, nitrite and hydroxylamine. As shown in the batch experiments, these are the major parameters responsible for the formation of gaseous nitrogen compounds. It was concluded that the formation of nitrogen gas compounds in the ion exchange/bioregeneration process can be eliminated by adjusting the operational regime to have a shorter adsorption phase resulting in smaller amounts of ammonium adsorbed per cycle.
